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ABSTRACT
Kinematic Analysis of the Phippsburg Shear Zone at Hermit Island and the Wood Islands, Small Point, Maine
The Phippsburg Shear Zone is located within the Casco Bay restraining bend associated
with the Norumbega fault zone in south central Maine. Mapping of the shear zone was conducted
at Hermit Island during the summer of 2011 as part of an EDMAP grant. The shear zone
deforms schists of the Ordovician Cape Elizabeth Formation and granites and pegmatites of
Devonian age. The shear zone is part of a D4 deformational event that proceeded regional folding
associated with D3 Acadian deformation. The shear zone has a foliation that strikes northeastsouthwest and dips steeply SE along the western shore of the Phippsburg peninsula. There is a
strong lineation defined by fold hinge lines and quartz rods that plunges gently south. The shear
zone width extends at least two kilometers to the west of Small Point. Swanson (1999, 2010)
has documented dextral shear both regionally and locally by evaluating macroscale kinematic
indicators within Casco Bay and Hermit Island. In this study, γ-shear strain within the Hermit
Island section of the Phippsburg Shear Zone was calculated from the synthetic rotation of
granites that are assumed to have intruded orthogonally. Minimum γ-shear strain values were
calculated from 15 rotated and variably boudined granites on Hermit Island and 27 of the same
on the Wood Islands. These data suggest a decrease in shear strain from south (γ = 5.14) to north
(γ = 1.47) and west (γ = 9.51) to east (γ = 1.43). A NE-SW striking line separates areas of high
from low shear strains and is demarked by a regional dip change from east dips in the shear
zone to west dips outside of it. 2D Strain ellipses determined from elongation of boudin strings
and shortening of fold trains around Hermit Island were used to complement the shear strain
calculations and further define the eastern boundary of the shear zone. The east dipping foliation,
south plunging lineation, and dextral kinematic indicators suggest the Hermit Island shear zone
is a dilational, type I shear zone (Fossen, 2010). The eastern shear zone boundary strikes more
northerly than the shear zone as defined by Swanson (2010.). The kinematics of Phippsburg
Shear Zone at Hermit Island support the strike-slip fault bounded crustal extrusion model for the
Casco Bay restraining bend as proposed by Swanson and Bampton (2009).
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Introduction

1.1 Purpose
A kinematic analysis of shear sense indicators was conducted in Casco Bay, Maine,
to determine the extent of high to low strain zones within the Phippsburg Shear Zone. The
conditions and extent of the deformation within the Phippsburg Shear Zone in south central
Maine are related to dextral transpression along the regional Norumbega Fault zone in the
Northern Appalachians. The Phippsburg Shear Zone is one of many smaller shear zones that
are oblique to Norumbega faults found in southwestern Maine. These faults are related to the
Casco Bay restraining bend associated with the Norumbega fault system (Swanson, 1999b). The
Phippsburg Shear Zone is connected to faulting that began during the Neoacadian and continued
throughout the Alleghanian. The extensive dextral slip along the Hermit Island fault deformed
syntectonic intrusions within the peninsula. The Phippsburg Shear Zone contains high strain and
low strain zones caused by differential strain which can be quantified by measuring γ shear strain
from rotated granite intrusions. The shear zone itself strikes northeast-southwest and dips steeply
east with south plunging lineations. By analyzing the strain from the kinematic indicators found
in the Phippsburg Shear Zone, a better understanding of strain partitioning throughout the shear
zone was gained, a more accurate map of shear strain throughout the peninsula was produced,
and the type of shear zone was determined. Finally, two block diagram of the deformation were
created to show the kinematic indicators within each strain domain and the shear progression
through time.

1.2 Study area
The study area is a rectangular region encompassing western Small Point, Hermit Island,
10

Granites of Hermit Island, the Wood Islands, and southern Sebasco
Peter Miller
Geo 457

Figure 1.2.1 shows the location of the study area in Casco Bay. The expanded image
shows the extent of the study area including western Small Point, Hermit Island, the
Wood Islands, and southern Sebasco. Bedrock geologic map of Maine modified from
Marvinney et al. (1985).
the Wood Islands, and southern Sebasco (Figure 1.2.1). Hermit Island has extensive bedrock
exposure along the western and northern shores. The long axis of the island is 2.4km and the
short axis is 0.64km. The northern point of Hermit Island separates into a thin peninsula that runs
parallel to the strike of the island. Large tidal ranges make low tide accessibility to larger and
lower outcrops on the western shore easier. The peninsula itself is located within a dextral slip
section of the Casco Bay restraining bend (Swanson, 199b). The structure and lithology of the
southern portion of the Phippsburg Shear Zone on Hermit Island has been mapped and analyzed
in great detail by Swanson (2010), Hussey and Berry (2002), and two Bates geology thesis
students Kara Bristow (2000) and Matt Reiter (2002). Shear indicators on the northern section
of Hermit Island have not been mapped nor correlated to those found on the southern shore.
Similarly, shear strain across the entire Phippsburg Shear Zone has not been calculated from
11

the deformed granites and quartz veins. These calculations are used to identify strain gradients
within the shear zone and define high and low strain zones.

1.3 Bedrock of Casco Bay
Hermit Island is located within the Ordovician aged metasedimentary and metavolcanics
of the Casco Bay group. The Casco Bay group is one of seven lithologically distinct groups
that form the bedrock of south central Maine.
Late tectonic strike slip faults formed during
the Silurian to Early Devonian Acadian orogeny
separate the seven lithotectonic sequences of
south central Maine (Hussey and Berry, 2002).
The Casco Bay group includes late
Cambrian to Silurian metasedimentary and
metavolcanic rocks, late Silurian to Permian
gabbroic and granitoid intrusive igneous rocks,
and Mesozoic basaltic and diabasic dikes (Hussey

Figure 1.3.1 shows
the stratigraphy of
the Casco Bay region
increased in age from
Scarboro formation,
Diamond Island formation, Spring Point
formation(469Ma;
Tucker et al. 2001),
Cape Elizabeth
formation (469Ma;
Tucker et al. 2001),
and the Cushing
formation (469Ma;
Hussey et al., 2010).
Figure modified from
Hussey et al., 2010.

and Berry, 2002).The lithology of the Casco Bay
group consists of a sequence of Late Cambrian
to Early Ordovician interlayered quartzofeldspathic granofels and pelites (Cape Elizabeth
formation) overlain by Early to Late Ordovician back arc volcanic (Spring Point formation) and
volcanogenic sedimentary rocks (Diamond Island) (West et al., 2003). The Diamond Island and
Scarboro formations are located stratigraphically above the Cape Elizabeth formation and are
considered to be younger in age (Hussey and Berry, 2002). The Hussey et al. (2010) stratigraphy
12

Figure 1.3.2a,b shows the generalized bedrock geological map of Maine and the bedrock map of
Small Point from the Hussey and Berry (2002) Bath quad report. The map of Small Point shows
the dominant Cape Small synform and the straight layers of the Phippsburg Shear Zone. A
modified from Marvinney et al., (1985) and B modified from Hussey and Berry (2002).
and relative ages of these formations are given in figure 1.3.1. The entire region has undergone
several stages of deformation relating to island arc and continental collisions which will be
discussed in detail in section 1.8.
The Hussey and Berry (2002) Bath 1:100,000 sheet contains a map of Small Point
that shows Ordovician Cape Elizabeth formation with thinner bands of Ordovician Diamond
Island and Ordovician Scarboro formation folded within (Figure 1.3.2a,b). Various Silurian and
Devonian granites have intruded into the sequences and are found sporadically throughout the
study area. Sive (2012a) has reported folded and boudined bands of Cape Elizabeth amphibolite,
calc-silicate, and marble within the general stratigraphy of the Cape Elizabeth formation on
13
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Figure 1.3.3. shows the bedrock geology of Small Point and Hermit
Island mapped by Sive (2012a). The general bedrock geology of
Hermit Island consists of Ordovician Cape Elizabeth silver and rusty
schists. Calc-silicates and a marble unit are also observed on Hermit
Island. Caroniferous to Permian granites are located sporadically
throughout the study area.
Hermit Island (Figure 1.3.3). Sive (2012a) defines the stratigraphy of the Ordovician Cape
Elizabeth formation on Hermit Island as silver schist with thinner layers of rusty schist on central
and western Hermit Island.
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1.4 Plutonism
Granite intrusions throughout southwestern Maine
and Casco Bay region are diverse in mineral assemblages,
ages, and sizes. The granites tend to range in age from
Middle Slilurian to Permian. Many of these granites have
been deformed by shearing along the Norumbega fault. The
deformation of the granites shows the general kinematics
of the shear zone. The intrusions in this region can be
differentiated into five groups based on age, composition,
and relationship to ductile deformation events (Gerbi and
West, 2007). The five groups are undeformed Late Silurian
Plutons, strongly deformed Late Silurian plutons (now
gneissic granitoids), locally deformed porphyritic mafic
syenite of the Lincoln Sill, strongly foliated Early Devonian
gneissic granitoids, and weakly to undeformed Middle to Late

Figure 1.4.1 shows a map of
the pluton distribution on the
Phippsburg peninsula. The zone
of plutonism extends up to Bath
and Brunswick. The plutons
appear elongated, following the
structures of the country rock
(Figure modified from Hussey
and Berry, 2002)

Devonian plutons (Gerbi and West, 2007). These plutons are useful kinematic indicators for
shear sense and shear strain as well as important constraints on the timing of ductile deformation
of the Norumbega fault system (Gerbi and West, 2007). The granite observed in Phippsburg is
a two mica granite found within a belt extending to from Small Point to Bath, Maine (Figure
1.4.1). These Devonian and Carboniferous aged granites are found within the sillimanite –
K-feldspar zone and have elongated parallel to the Cape Elizabeth’s regional structure (Hussey
and Berry, 2002).
15

1.5 Regional Metamorphism
The eastern Casco Bay group, including the formations in the Small Point area, have
been subjected to polyphase deformation and amphibolite facies metamorphic conditions that

Figure 1.5.1 shows the pressure – temperature conditions required for the reactions of metamorphic minerals including the alumino-silicates. The black arrow
represents the metamorphic field gradient (a= garnet zone, b= staurolite zone, c=
staurolite-andalusite zone, d= staurolite-sillimanite zone, e= siliminanite zone)
(Lang and Dunn, 1990). Isograds from Grover and Lang (1995) have Cape Small
located within the sillimanite zone. This is consistent with the observed andalusitesillimanite veins found on Small Point and Hermit Island. The red circle represents
the P-T location of the Phippsburg Shear Zone on Hermit Island.
16

occurred during the Acadian (West et al. 2003). All of the metamorphism within this zone
involves pressures below that of the aluminosilicate triple point (West et al. 2003) (Figure 1.5.1).
The high temperature low pressure metamorphism has been confirmed by the observation of both
sillimanite and andalusite together in the same outcrop of Cape Elizabeth rocks (Figure 1.5.1).
The Devonian low pressure metamorphism of the Paleozoic rocks of Small Point is related to the
Acadian orogeny and is observed throughout the Casco Bay region, extending into the Central
Maine Belt (Grover and Lang, 1995; West et al. 2003). The metamorphism in the Harpswell
Neck – Small Point region was determined based on the relationships between the included
poikiloblasts and the new foliation (Grover and Lang, 1995). These poikiloblasts appeared to
grow during the deformation, indicating that the metamorphism was syn-deformational (Grover
and Lang, 1995). Grover and Lang (1995) place Hermit Island and Small Point within the

Figure 1.5.2 shows the Hussey and Berry (2002) isograd for southern Maine. The line through
Small Point is the boundary between the sillimanite + staurolite and the sillimanite zone. The
boundary represents increasing metamorphic grade to the north.
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sillimanite zone with a general mineral
assemblage containing garnet-biotitesilliminanite-andalusite ± staurolite. The
mineral assemblages match the Hussey and
Berry (2002) isograd (figure 1.5.2) with the
staurolite out reaction on southern Small
Point suggesting increasing metamorphic
grade to the north. Doolittle (2012a) shows
evidence for the existence of a second
isograd representing the andalusite out
reaction between zones II and III through
northern Small Point (Figure 1.5.3).
This second isograd shows prograde
Figure 1.5.3 is a metamorphic isograd created
by Doolittle (2012a) showing prograde metamorphism from southwest to north east. These
isograds are a product of M3 metamorphism. The
two lines represent the staurolite and andalusite
out reactions respectively.

metamorphism increasing to the northeast.

1.6 Lithostratigraphy of the Cape
Elizabeth at Hermit Island
The lithostratigraphy of the

Phippsburg Shear Zone on Hermit Island consists of alternating layers of Cape Elizabeth
members (Figure 1.3.3). Based upon field mapping from the 2011 EDMAP project, the
stratigraphy from west to east is silver schist, rusty schist, silver schist, rusty schist, garnet rich
silver schist, rusty schist, and silver schist with marble, amphibolite, and calc-silicate members
(Figure 1.3.3). The rusty schist members are generally thinner than the silver schist members.
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Sive et al. (2012) connects two rusty members of the Cape Elizabeth in an isoclinal synform in
central Hermit Island (1.3.3). Hussey and Berry (2002) did not map rusty units as part of the
Bath quad (1:100,000). Compared to Sive (2012a), the differences between these maps are
apparent by the distinction between rusty and silver members of the Cape Elizabeth formation
and structural interpretations of the lithologies (Figure 1.3.3).
Both rusty and silver schists mapped on Hermit Island are part of the Cape Elizabeth
formation. Though these units are part of the same formation, they are different in mineral
assemblage. The general mineral assemblage of the silver Cape Elizabeth schist from west
Hermit Island to east is courser grained muscovite – biotite – quartz schist transitioning to
finer grained quartz – biotite - garnet schist (Sive, 2012a). The rusty Cape Elizabeth formation
contains quartz - plagioclase- biotite-garnet with some pyrite and hematite (Sive, 2012a).
Andalusite and sillimanite are only observed within veins in the Cape Elizabeth silver schist on
the southern end of the peninsula and on southern Small Point.

1.7 Tectonics
The northern Appalachians formed from the episodic accretion of volcanic arcs and
ribbon continents creating stratigraphically different zones extending east from Laurentia
(Reusch, 2012). The accretion of upper crustal rocks divided the northern Appalachians into five
tectonic zones. From Northwest to south east these zones include the Laurentian zone, the periLaurentian arc/ peri-Gondwana Arc, the Ganderia zone, the Avalonia Zone, and the Meguma
Zone (Hibbard et al, 2003) (Figure 1.7.1). Each zone is differentiated from the adjacent zone by
a suture defining the boundary of each orogenic event. The culmination of these orogens resulted
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Figure 1.7.1 shows a map of the simplified lithotectonics of the Appalachian Mountains. The
Casco Bay region is located in Ganderia terrain, highlighted by the red circle (Modified from
Hibbard et al., 2003).
in a mountain belt extending from present day Florida through Newfoundland to Great Brittan.
Figures 1.7.2a-c schematically show the Silurian, and Devonian tectonics involved in the Salinc,
Acadian, and Neoacadian orogenies respectively.
The Taconic orogeny was the first major orogenic event in the development of the
northern Appalachians occurring between 474 and 455 Ma in the Early to Middle Ordovician
(van Staal, 2005). However, the deformation and metamorphism associated with this collision
is only observed in northern and northwestern Maine. The subsequent Peri-Gondwanan arc
collisions deformed and metamorphosed the rocks within the central Maine sequence and along
the Maine coast.
The Salinic orogeny followed the Taconic in the Late Silurian. The Salinic orogeny began
with the collision of the Popelogan-Victoria arc and the Tetagouche-Exploits back arc basin with
the Laurentian plate (Figure 1.7.2a). The accretion of the Popelogan-Victoria arc was followed
by the accretion of the Gander margin. The suture separating Gander and peri-Gondwana
basement rocks from Laurentia basement is defined as the Red Indian Line (van Staal, 2005)
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Figure 1.7.2 shows three paleotectonic cross sections of the Salinic, Acadian, and Neoacadian
orogenies respectively. The top cross section shows Gander subducting underneath Laurentia at
the Dog Bay Line suture. The Red Indian line, located west of the Dog Bay line, is the suture
separating peri-Laurentian and peri-Gondwanan terrains. The second cross section shows the
subduction and accretion of Avalonia underneath the Gander plate. Dextral oblique collision
produced general dextral motion along the suture between the Laurentian continent and the
Avalon terrain. The third cross section shows the dextral oblique collision of Meguma with the
Avalon continental margin. Deformation associated with these three events is observed within
the rocks on Cape Small.
(Figure 1.7.3). All bedrock units south east of the RIL are associated with Gander including those
to the east and west of the Dog Bay Line suture (Figure 1.7.3). According to van Staal (2005)
Cape Small is located east of the Dog Bay Line. Figure 1.7.1 shows that the study area is located
within Gander basement rocks and has experienced both Salinic and Acadian deformation
(Figure 1.7.3).
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modified from van Staal, 2005
Figure 1.7.3 shows the location of Small Point within Salinic and Acadian deformation. The red
circle shows the location of Cape Small, the red arrow shows the location of the Dog Bay Orrington Line, and the green line shows the location of the Red Indian Line.
After Gander docked with Laurentia, Avalonia began subducting under the newly
accreted peri-Gondwanan terrain. The accretion of the Avalon microcontinent to Laurentia,
beginning during the mid-Silurian, is recognized as the Acadian Orogeny (van Staal et al. 2009)
. The sinistral oblique accretion of Avalon produced polyphase folding, southeast varying fold
nappes and thrusts, northwest varying retrowedges, high temperature metamorphism, and
extensive syntectonic plutonism (van Staal et al. 2009) (figure 1.7.2b). The sinistral oblique
collision may have formed synthetic faults producing general sinistral shear (figure 1.7.2b).
The Neoacadian followed the accretion of Avalon onto Laurentia. This orogeny is
defined by the oblique docking of Meguma with Laurentia between the middle Devonian and
early Carboniferous (van Staal, 2005). This produced widespread dextral shear along the suture
zones between Laurentia and Avalon and Avalon and Meguma (Figure 1.7.2c) (van Staal, 2005).
The deformation associated with this event was partitioned heterogeneously during dextral
transpression in response to early Devonian oblique convergence (Solar and Brown, 2001).
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Metamorphism related to this event was not observed on Small Point.
The Neoacadian was followed by Alleghanian Orogeny with the oblique convergence
of Gondwana and Laurentia occurring between the Carboniferous and the Permian period (van
Staal, 2005). Dextral strike slip faulting and the development of intermontane transtensional
basins prevailed during the Early Carboniferous (van Staal, 2005). Subsequent transpressional
inversion of the basins during late Early Carboniferous to Middle Permian was accompanied
locally by intense deformation and metamorphism near the boundary between the Avalon and
Meguma zones (van Staal, 2005). Solar and Brown (2001) suggest that oblique plate motions
may lead to slip partitioning, particularly when the plate motion vector is highly oblique to the
margin. The zone of intense strain accommodation within the newly formed Appalachians is
identified as the dextral transpressive Norumbega fault system. The Phippsburg Shear Zone is
part of an oblique to Norumbega system of faults associated with a 14o restraining bend near
Casco Bay (Swanson, 1999b).

1.8 Deformation history
The rocks of the Casco Bay group in south central Maine preserves four phases of
pervasive folding and deformation related to the Salinic, Acadian, and Neoacadian orogenies.
The first phase of deformation (D1) began during the Salinic orogeny in the middle Silurian. The
F1 folds associated with the D1 event are characterized as northeast trending tight recumbent
folds (Swanson, 1999a; Hussey and Berry, 2002; Sive, 2012b). The recumbent folds are inferred
based on observation of a reverse graded bed and a folded spaced cleavage in the quartzose beds
on southern Small Point, Maine (Hussey and Berry, 2002) (Figure 1.8.1a,b). Salinic deformation
is expected on Small Point based on the extent of Salinic and Acadian deformation defined by
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van Staal (2009) (Figure 1.7.3).
D2 deformation is related to the
Acadian orgoneny between 421Ma and
420Ma (van Staal, 2009). The D2 deformation
is characterized by recumbent folding of
spaced cleavage (originally parallel to S1)
and is only observed on southern Small Point
(Hussey, 1988). The associated F2 folds were
deformed during D3 producing refolded
recumbent folds. Therefore D2 is older than
D1 and younger than D3.
The third phase of deformation
(D3) began during the Neoacadian in early

Figures 1.8.1a,b shows evidence for D1 within
the bedrock of Small Point. The top image
shows an overturned graded bed associated
with F1 and the recumbent folds associated
with F2 respectively. The red arrow shows the
top direction for the graded bed. Figure 1.8.1b
shows the spaced cleavage of the open upright
F3 folds has been recumbently folded by the
intermediate deformation F2 (B modified from
Hussey, 1988).

Devonian between 400 and 360 Ma (Van
Staal, 2009). The F3 folds associated with the
D3 event are northeast trending upright open
to isoclinal with biotite schistosity parallel to
the F3 fold hinge (Hussey and Berry, 2002;

Swanson, 1999b; Sive, 2012). Asymmetric Z-folds associated with D2 observed by West et al.
(2003) in the central Maine trough are not seen within the Small Point study area.
The fourth phase of deformation (D4) is related to dextral shear along the Norumbega
fault zone during the end of the Neoacadian in the Early Devonian (West et al., 2003). The
dextral shearing related to the oblique collision of Gondwana further developed the Norumbega
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fault system during the Alleghenian. D4 deformation is characterized by northeast rotation of
pegmatite and quartz veins. In the Phippsburg Shear Zone, these features are kinematic indicators
showing general dextral shear.
The final phase of deformation (D5) is related to the formation of crenulation cleavage on
the eastern shore of Small Point. The exact timing of this deformation is unknown however the
brittle structures indicates shallow crustal depths suggesting a younger age than the dextral shear
producing D4.

1.9 Norumbega fault zone
Stewart and Wones (1974) were the first to identify a “post metamorphic” structural
discontinuity of deformed Paleozoic metasedimentary rocks in southern Maine as part of a large
fault system. They defined the Norumbega as a zone 300 to 400 m wide (West, 1999). The extent
and structure of the fault system has increased as more research is conducted. Swanson (1992;
1999a;1999b; 2006; and Bampton 2009; 2010) has published structural and kinematic analyses
of the Norumbega fault zone, more specifically of the Casco Bay restraining bend. West (1999;
2003; and 2008) has discussed the timing, displacement, and thermochronological discontinuities
of the fault zone.
Dextral transpression along orogen parallel fault zones was initiated in the northern
Appalachians during the late Neoacadian with the collision of the peri-Gondwana arc Meguma.
This collision switched the general shear direction from sinistral slip caused by the Acadian to
dextral slip. The oblique convergence of the island arc collision was accomodated as a large
orogen parallel dextral slip fault system extending from eastern New Brunswick to northern
Massachusetts (Bothner and Hussey, 1999). The Norumbega fault system is differentiated into
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a Canadian section termed the Fredericton fault and a northern New England section called the
Norumbega fault. Though identified differently, these two faults are related to the same dextral
shear system pervading the northern Appalachians. The zone of slip along the Norumbega is now
defined as an area 400km long by 40 km wide (West, 1999). Timing of the Norumbega fault has
been debated since its discovery by Stewart and Wones (1974). Geochronological evidence has
shown the shallow crustal segments to have accommodated sporadic deformation for 200 m.y.
from the middle Devonian through the Jurassic (Ludman et al, 1999).
The earliest dextral shear deformation along the Norumbega fault occurred in the
middle Devonian (380 Ma) (West, 1999). Over the Norumbega Faults 200 M.y. history, total
displacement along the fault zone has been estimated to be between 35 and 300 km (Hubbard,
1999). The minimum and maximum estimates are based upon map patterns of displaced
plutons and extrapolations of strain measurements respectively (Hubbard, 1999). General
strike slip deformation ended around 280 Ma (West, 1999), however, discontinuities in
thermochronological data suggest post-orogenic Mesozoic re-activation of the Norumbega. The
re-activation consisted of kilometer scale vertical displacement along south western portions of
the fault zone (West et al. 2008).
The deformation associated with the Norumbega fault zone is categorized by two general
types (West, 1999). The first type is a wide zone (>30 km) of heterogeneously distributed dextral
shear structures (West, 1999). This zone was dated to a maximum age of 380Ma with a minimum
age between 300 and 360Ma (West, 1999). The second type is a narrow zone (1-2 km) of high
strain mylonitization (West, 1999). This zone, termed the Sandhill Corner fault, was dated at 298
± 31 Ma using Rb-Sr whole rock chemistry (West, 1999). Therefore the formation of the narrow
mylonitized zone is younger than the wider, less deformed section of the shear zone. Regional
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Figure 1.9.1a,b show the Casco Bay restraining bend with associated splay fault zones as well
as older flanking thrusts. The inset diagram shows the Norumbega fault system and the position
of the restraining bend in the Casco Bay area (Swanson, 1999b).

Figure 1.9.2 shows the positive flower structure of the Casco Bay restraining bend of the
Norumbega Fault system. The cross section shows the numerous splay faults and outlying
oblique fold system to the southeast (Swanson, 1999b). The Flying Point fault is the major section of the Norumbega in the Casco Bay restraining bend.
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Figure 1.9.3 shows the dextral transpressive nature of the Casco Bay restraining bend. The red
circle shows the location of Hermit Island within the dextral shear zone defined by Swanson
and Bampton (2009). These shear zones are believed to have formed from hinge parallel shear
between rotating oblique en echelon D3 folds. The overall dextral shear of the Norumbega fault
is shown by the large black arrows.
dextral shear within both of the wide and narrow zones includes the southern Central Maine Belt,
Falmouth-Brunswick sequence, the Casco Bay group, the Fredericton sequence, and the western
most portions of the peri-Gondwanan terrains (West, 1999).
A major area of deformation related to the Norumbega fault is the positive flower
structure of the Casco Bay restraining bend (Figure 1.9.1, 1.9.2). Similar to central coastal
Maine, this dextral transpressive restraining bend has undergone upper amphibolite facies
metamorphism related to Devonian low pressure metamorphic events (West, 1999). The Casco
Bay restraining bend consists of numerous splay faults oblique to the Norumbega (Swanson,
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1999b). These smaller faults, which generally strike northeast-southwest and extend up to 1
km in width, include the Phippsburg and the Pemaquid Point Shear Zones. Older upright tight
isoclinal F3 fold structures are common throughout the Casco Bay restraining bend and, similar
to the minor splay faults, are rotated obliquely to the Norumbega fault zone (Swanson, 1999b)
(figure 1.9.3). Swanson (1999b) suggests the rotation of these folds toward the fault trace reflect
regional dextral shearing along the fault system. Hinge line parallel shear between rotated en
echelon F3 folds formed splay faults such as the Phippsburg Shear Zone (Swanson, 1999b).
Numerous kinematic indicators throughout both the Norumbega fault zone and the
Hermit Island oblique splay fault show dextral shear (Swanson and Bampton, 2009). The
kinematic indicators observed on Hermit Island indicate predominately dextral shear and include
asymmetric boudinage of pegmatite veins and quartz veins, gently plunging F3 fold hinge lines
with steeply dipping limbs, clockwise rotation of initially orthogonal granitic dikes and quartz
veins, and dextral kink bands.

1.10 Previous Work
Previous work by Bates students includes Kara Bristow’s (2000) kinematic analysis
of Break Water Point on southwestern Hermit Island, and Matt Reiter’s (2002) analysis
of deformation and metamorphism on Gooseberry Island located between Joes Head and
Breakwater Pt. These two theses were only focused on the southern portion of the Phippsburg
Shear Zone.
Swanson (2009, 2010) uses kinematic indicators from multiple Norumbega splay faults
in Casco Bay and south central Maine to show crustal extrusion during progressive shearing.
He conducted structural analyses of southern Hermit Island to develop a kinematic model for
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fault bound extrusion of crustal blocks within the Casco Bay restraining bend (figure 1.9.3)
(Swanson, 2010). Swanson’s work on Hermit Island was conducted on a small southwestern
spit, Breakwater Point. From this he extrapolated his shear zone be atleast 2 km wide extending
from Hermit Island to Ragged Island in eastern Casco Bay (Swanson, 2010). Swanson used his
observations to determine Hermit Island as the western bounding fault in his crustal extrusion
model (figure 1.9.3). He suggests that the faults formed initially as oblique en echelon folds,
which, with continued slip along the Norumbega to shear parallel to the hinge lines forming fault
bound crustal blocks (Swanson, 2010) (Figure 1.9.3). Swanson (2010) also suggests that crustal
extrusion transferred displacement from the Norumbega itself through the Phippsburg Shear
Zone and Pemaquid-Harbor shear zones. This implies pure shear normal flattening and lineation
parallel elongation of the extruding crustal block compared to the simple shear of the bounding
faults (Swanson, 2010). Lineation parallel elongation was observed on southern Small Point in
the form of pull apart andalusites filled with L3 parallel lineations.

1.11 This Study
Mapping was conducted during the summer of 2011 with fellow students Haley Sive,
Heather Doolittle, Jen Lindelof, and thesis advisor Prof. J. Dykstra Eusden as part of an EDMAP
grant. The resulting structural map of the Phippsburg Shear Zone on Hermit Island is used to test
Swanson’s (2010) regional shear model. Strain partitioning throughout the shear zone is observed
in rotated orthogonally emplaced granitic dikes. Strain calculations of kinematic indicators such
as rotated and boudined orthogonally emplaced granites and quartz veins are used to define zones
of high and low strain. The minimum extent of the shear zone is defined by the size of the low
and high strain zones. The kinematics of the Phippsburg Shear Zone at Hermit Island support the
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strike-slip fault bounded crustal extrusion model for the Casco Bay restraining bend as proposed
by Swanson and Bampton (2009).
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Methods

2.1 Field measurement methods
The study area includes Hermit Island, the Wood Islands, Southern Sebasco and western
Small Point. Hermit Island is a peninsula attached to the western coast of the Small Point by a
100m wide sand bar. With the permission of the Hermit Island camp ground, access was granted
to the entire peninsula. Ten days were spent mapping in July and August of 2011 and one day
spent in December 2011. General structural data was collected on Hermit Island using a Brunton
Compass to take the strike and dips of bedding/ foliation, fold limbs, and fold axial planes. The
trend and plunge of fold hinge lines and L4 quartz rod lineations were also taken throughout
the study area. A Trimble Juno™ and a ruggedized Toughbook Dell™ laptop were used to
mark the locations and record the measurements taken in the field. Extension and shortening
measurements were collected in both the field and in Google Earth™ from boudined and folded
granites to create 2D finite strain ellipses.
High measurement density centered on the extensive outcrop exposures along the
coasts of the peninsula. The heavily wooded interior prevented similar measurement density,
yet, data were collected where possible. During August, a day was spent on the northern end of
the peninsula with Dr. Mark Swanson of the University of Southern Maine to discuss various
structures and their connection with structures to the south. Detailed notes were taken in a Write
in the Rain field notebook.

2.2 Digital field mapping methods and stereonets
A Trimble Juno featuring ArcPAD and a ruggedized Toughbook Dell laptop running
full ArcGIS 10 were used to collect and spatially display the structural data. Three layers were
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created to differentiate between structural data, traced layer features, and sample locations. A
GPS point marked each measurement location as a station on the orthoimage (Digital Globe,
2010). The associated data for that point was entered into the appropriate field in the attribute
table. The fields include bed strike, bed dip, geologist, rock unit, and notes. 371 bedding/ S0/
S1/S2 foliation planes, 159 D3 fold axial plane/ hinge lines, and 4 L4 quartz rod lineations were
measured on Hermit Island. The layers field, like the structural points, were traced on the
orthoimage by the GPS track. Objects traced using the layers field included granites, significant
quartz veins, and lithologic contacts
Stereographic representation of the strike and dips of S0/S1/S2 foliation were created by
exporting the strike and dip data from Arc into StereoWin 1.2 and plotting them as great circles.
The poles from these planes were also plotted as points and contoured using a 1% area contour.
The contoured poles show the regions of highest density corresponding to the predominant strike
and dip of the great circle planes. The D3 and D4 modified fold axial planes and hinge lines on
Hermit Island and western Small Point were also plotted as great circles and points respectively.

2.3 ArcGIS methods
A layer representing the S0/S1/S2 foliation fabric of the study area was produced in
ArcGIS using polylines. Strike and dips of S0/S1/S2 foliation were used as guides to define the
orientation of the foliation form lines. The dips of known foliation form lines were represented
with solid lines while the inferred foliation form lines were represented by dashed lines. A
polygon feature class was created and used to trace the granites on the orthoimage. The S0/S1/S2
foliation layer served as the base layer for the foliation dip domain map, the D4 modified D3 fold
map, and the shear strain map. The granites and the foliations were then set to a highly visible
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color and the orthoimage was set to 35% transparency in order to highlight the relationship
between the features and their location on the peninsula.
Based on the strike and dip of S0/S1/S2 foliation on southern Sebasco, the Wood Islands
were assumed to have a similar east dipping S0/S1/S2 foliation fabric. Although no strike and
dips were taken on these islands, the foliation was visible as lineaments in the orthoimage. These
lineaments matched the strikes on Hermit Island and southern Sebasco so the assumption was
made that they reflect the same feature on the Wood Islands. Rotated and boudined granites,
similar to those seen on Hermit Island, were visible on the orthoimage of both the Wood Islands
and southern Sebasco. Therefore the Wood Islands were assumed to be located within the
Phippsburg Shear Zone.
γ shear strain was calculated the rotated granites using the method described in the next
section. The γ shear strain values determined from aforementioned method were represented
by graduated symbol features placed on the granites from which they were calculated. This
shear strain map shows the spatial relationship between the γ shear strain magnitudes and their
locations throughout the study area.

2.4 Strain calculations
γ strain calculations were conducted to evaluate the existence of a strain gradient across
the study area. This was done by assuming an orthogonal to shear zone/foliation emplacement
of granites (Swanson, 2010) (figure 2.4.1). By making this assumption the shear strain was
easily calculated for the rotated granites. The method for calculating shear strain is as follows.
If the angle between any two lines is initially 90o and is found after deformation to be less than
90o by any angle ψ, then, the shear strain is equal to tan (ψ) (Baily, 1992; Davis and Reynolds,
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Figure 2.4.1 shows strain can be calculated using the rotation of initially orthogonal pegmatite
or quartz veins within a shear zone, however this model assumes exclusive simple shear. The
gamma shear strain can be calculated by tan ψ (figure modified from Swanson 2010).
1996; Swanson, 2010). This is shown by the following schematic. If two lines j and k initially
make a right angle (Figure 2.4.2a) and if j rotates with respect to k through angle ψ, then that is
equivalent to saying j shears with respect to k by an amount tan ψ (Baily, 1992) (Figure 2.4.2b).
The γ shear strain in this study was calculated by taking the tangent of the angle between the line
perpendicular to foliation and the rotated granite. The angle between the rotated line and the
vertical axis is referred to as the angle of shear (Baily, 1992).

Figure 2.4.2 shows the method for calculating shear strain. The line j, initially parallel to the y
axis rotates through the angle ψ with respect to the x axis and line k. The shear strain is calculated using the equation tan (ψ) (Baily, 1992).
36

γ shear strain was calculated for the granites on Hermit Island using lines and angles
drawn in Adobe Illustrator. Maps of the granites created in ArcGIS were imported into Adobe
Illustrator. The foliation on Hermit Island was mapped based on the strike and dip orientations
and the granites were highlighted by polygons. Axes were drawn parallel and perpendicular to
the S0/S1/S2 and then a line was drawn through the origin of the axis to generalize the long axis
of the granite. The angle of shear (ψ) between the generalized granite and the vertical component
was measured (figure 2.4.1). The tangent of this angle gives the shear strain.
The shear strain is the ratio of the horizontal component or the displacement of the object
in the x direction to the vertical component (shortening component). The resulting number
is unitless and can be compared to other shear strain calculations throughout the study area.
Therefore the larger the shear strain, the larger the displacement of the object. These calculations
are based on the assumption that the granites intruded orthogonally into a purely simple shear
environment. Therefore, the shear strain values calculated under this assumption represent a
minimum shear strain for the specific location.

2.5 2D Finite strain ellipses
2D strain ellipses were created in Adobe InDesign using extension and shortening
data collected from granite boudin trains and folds in the field and Google Earth™. The semimajor (S1) and semi-minor (S3) axes were determined from the extension and shortening values
calculated by the following method. For extension, the total length of the structure was measured
along with each individual boudin. The sum of the boudin lengths was subtracted from the final
length and dived by the initial length (equation 1) (Davis and Reynolds, 1996). To calculate
the percent extension the e value was multiplied by 100. Likewise, the shortening value was
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a

b
b = 17.2

b = 32.5
a = 32.5

a = 48.8

Figure 2.5.1a, b shows the method for creating a 2D strain ellipse using the values calculated
from the equation for extension and shorenint. In this case above, the percent shortening is 47%
and the percent extension is 50%. In order to alter the lengths of the axis by the values, the following process was used. The value was multipled by the axis length and then added or subtracted to get the length after deformation. By using this method the semi minor axis (b) has been
shortend from 32.5 to 17.2 while the semi major axis (a) has been extended from 32.5 to 48.8.
The ellipticity of strain ellipse b is calculated to be 0.65 by the equation for f .
calculated by aplying (1) to the initial and final lengths of the folds measured in the field and
Google Earth (Davis and Reynolds, 1996).

(1)

In equation (1), e is the extension or shortening value, Lf is the final length, and Li is the initial
length.
The semi major and semi minor axis of the unstrained ellipses were normalized to a
standard unitless length. The extension and shortening values (S1 and S3) were multiplied by
this unitless length and then added or subtracted from the original length accordingly (Figure
2.5.2a,b). The resulting 2D strain ellipse contained semi major and semi minor axes proportional
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to the extension and shortening values calculated by equation (1). The strain ellipses were
oriented with S1 parallel to boudin train orientation. The ellipses were placed in their locations
on the map of the study area to spatially represent the extension and shortening. The areas that
show no shortening or extension were represented by undeformed strain ellipses that did not
have any modifications to their semi-major or semi-minor axis.
The ellipticity or first flattening of each ellipse was determined for the 2D strain ellipses
by the equation:
(2)

Where a is semi major axis and b is the semi minor axis of the 2D strain ellipse. Due to
the size requirements of Illustrator, the normalized semi major and minor axis of the unstrained
ellipses had to be set at a unit less 32.5 (Figure 2.5.1a). The application of the above method for
creating the axis of the 2D finite strain ellipses produced the values described in section 3.6 of
results.
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Results

3.1 Bedrock Geology of Hermit Island
The bedrock geology of Hermit Island, recently mapped by Sive et al. (2012), consists
of Ordovician aged Cape Elizabeth Silver and Rusty schists with interbedded Ordovician calcsilicate layers (Figure 1.3.3). The mineral assemblage of the Ordovician Cape Elizabeth silver
schist (Ocess) is Biotite + muscovite + quartz + plagioclase + garnet ± sillimanite ± andalusite
± staurolite while the general mineral assemblage of the Ordovician Cape Elizabeth rusty schist
(Ocers) is quartz + plagioclase + biotite + garnet ± pyrite ± hematite. Andalusite – sillimanite
filled boudin veins are found at Breakwater Point on south-western Hermit Island. The Ocess and
Ocers units on Hermit Island form the western limb of a map scale fold (Sive et al, 2012) that has
undergone D4 deformation by the Phippsburg Shear Zone. The Carboniferous – Permian granite
intrusions are generally coarse grained pegmatites with mineral assemblages including quartz,
feldspar, muscovite, biotite, and tourmaline.

3.2 Overview
General structural measurements taken on Hermit Island include strike and dip of S0/
S1/S2, trend and plunge of quartz rod lineations, elongation and compression measurements of
boudined and folded granites and quartz veins, and D3/D4 axial plane and hinge line strike and
dip and trend and plunge respectively. The strike and dip of foliation and fold axial planes were
represented as planes in a great circle plot while the trend and plunge of D3/D4 hinge lines and
quartz rod lineations were plotted as points on the great circle.
Shear strain and elongation – shortening values were calculated from rotated, boudined,
and folded granites within the study area. Granites that appeared irregular with respect to
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foliation or undeformed were represented by shear strain values of 0. The shear strains were
represented spatially throughout the study area as graduated symbols and the elongation –
shortening measurements were shown as strain values in 2D strain ellipses. Due to the scope
and duration of this project no field based study was done on the Wood Islands so all shear strain
calculations and extension – shortening measurements for this area were done in ArcGIS and
Google Earth ™ respectively.

3.3 Foliation domain analysis
The study area was divided into four structural domains based on variations in S0/S1/S2
foliation attitudes. The domains include west, transitional, east, and Small Point (figure 3.3.1).
The stereographic projections of the foliation planes and the density contours of poles from
planes from each domain are presented in figure 3.3.1. The S0/S1/S2 foliation in the west domain
strike from 5o to 20o and dip from 90o to 55o east. These S0/S1/S2 foliation planes generally dip
east as seen by the west plunge of the poles from bedding planes. The foliation in the transitional
domain strikes from north to 12o and dip from 75o west to 70o east. The even distribution of
poles seen in figure 3.3.1 shows the average dip is nearly vertical with a slight preference to the
west. The S0/S1/S2 foliation in the east domain strikes from 355o to 20o and dips from 50o west
to 65o east. The general west dipping attitude is seen in figure 3.3.1 where the highest density of
poles from the S0/S1/S2 planes is east plunging. Finally, the fourth domain consisting of S0/S1/S2
foliation on Small Point strikes from 340o to 20o and dips from 70o west to 60o east.
The domains delineate the boundaries of the shear zone by separating out heterogeneous
foliation orientations from homogenous foliation orientations. All foliations observed on Hermit
Island have a component of shear in their development and can be used to derive shear sense
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Figure 3.3.1 shows the four domains differentiated by dip directions of S0/S1/S2 foliation. The west domain, labeled with red foliation form lines, was
determined to be the east dipping plane. The second domain, labeled with purple foliation form lines, was determined to be transitional based on the
occurrence of vertical bedding planes and the equal distribution of east and west dipping S0/S1/S2 planes. The third domain, labeled with green foliation form lines, was determined to be generally west dipping based on the predominantly west dipping S0/S1/S2 foliation. West of Hermit Island was
designated region four based on its location outside of the shear zone. The yellow polygons represent the granites throughout the study area.
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(Bell and Hobbs, 2010).The formation of foliation sub parallel to the XY plane of the strain
ellipse can occur based on the effects of progressive shearing and bulk shortening (Bell and
Hobbs, 2010). The transition from homogeneous foliation fabric dips on western Hermit Island
to heterogeneous foliation fabric dips on eastern Hermit Island implies the transition from a low
strain zone into the high strain zone.

3.4 Quartz rods and fold orientations
Quartz rod lineations were measured at four locations on northern Hermit Island. The
trend and plunge data from northern Hermit Island are similar to measurements of the same
features by Bristow (2000). The trends measured on northern Hermit Island range from 185o
to 200o and plunge between 22o and 35o (Figure 3.4.1a) with the highest density trending 195o
plunging 27o south. These quartz rod lineations are kinematic indicators for dip-slip of the
a

b
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Phippsburg Shear Zone.
D3 folds, studied by Sive (2012), were measured throughout Hermit Island and on the
western portion of Small Point. These D3 folds were formed during D3 Neoacadian deformation which folded earlier S0/S1/S2 foliation (Sive, 2012). The folds on Small Point are symmetric
parallel, upright, and shallow plunging with a general interlimb angle of 69o. On Hermit Island,
these folds become tight to isoclinal and have a wider range of hinge line trends and plunges
(Figure, 3.4.2).
The D3 folds measured throughout the study area were differentiated based on their
locations within the foliation domains. The D3 fold axial planes in the western domain of Hermit
Island strike from 10o - 25o and dip from 65o – 85o east. The hinge lines of these folds trend
between 180 and 210 with plunges between 15o – 25o south-southeast (Figure 3.4.2). The fold
axial planes in the transitional domain strike 3o - 10o and dip 80o - 85o east with hinge line trend
and plunges of 180o - 200o and 15o - 25o respectively (Figure 3.4.1). The fold axial planes in the
eastern domain strike north to 15o with dips ranging from 75o west to 65o east (Figure 3.4.2). The
hinge lines for the fold axial planes in region 3 trend from 210o to 180o and plunge from 10o to
50o south-southeast. The folds located in the Small Point domain strike between 355o and 18o
with dips range from 60o west to 60o east (Figure 3.4.2) with hinge lines that trend from 10o – 60o
and plunge from 60o east to 60o west.
The folds transition through the domains, following the same transitions seen for the S0/
S1/S2 foliation fabric, while the majority of folds on western Hermit Island appear to be east
dipping. The transition from the Small Point open type folds to the Hermit Island isoclinal folds
is related to increased strain from D4 deformation of the Phippsburg Shear Zone.
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3.5 Shear Strain calculations
Hermit Island, the Wood Islands, and southern Sebasco contain variably boudined
and rotated granites that range from the centimeter to the decameter scale. These granites are
generally elongated and separated into segments due to forward rotation of veins (Swanson,
1992; Bristow, 2000). Progressive strain has extended many of these rotated, segmented veins
into boudin trains observed along the western coast of Hermit Island. Throughout the study area,
the granite and quartz veins have been rotated sub-parallel to the S0/S1/S2foliation. The foliation
cuts some granite on Breakwater Point, however, generally the granites are without foliation
features.
γ - Shear strain was calculated for 48 rotated granites on Hermit Island, the Wood Islands,
and southern Sebasco (Figure 3.5.1a-j, Table 3.5.1). The equation used to calculate shear strain
is γ = tan(ѱ), where ѱ is the angle between the line perpendicular to foliation and the granite
(Swanson, 2010). Figures 3.5.1a – j shows the locations of granites for which shear strain was
calculated using this method. The relationship between the angle ѱ and the shear strain γ is
represented in table 3.5.1. Granites lacking shear strain characteristics were designated γ - shear
strain values of 0. The undeformed granites are concentrated around the northern tip, the eastern
coast, and the south eastern interior of the Hermit Island. Generally these granites are located
within the transitional and eastern dip domains of Hermit Island (Figure, 3.5.2).
The relative shear strain for the deformed granites was represented on a map of the
study area as graduated symbols (Figure 3.5.2). The average shear strain values for the western,
transitional, and eastern domains are γ = 3.46, γ = 0.55, and γ = 0 respectively. The shear strain
values on Hermit Island are the highest (γ = 5.14) on the western coast approximately 200m
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Figure 3.5.1 a-j: Shear strain locations
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Figure 3.5.1 a - j shows the x-y axes relative to foliation for rotated granites. The angles for
the shear strains determined on Breakwater Point are shown in figure 3.5.1a to demonstrate the
method. The angles for each measured granite are listed in table 3.6.1. The granites that have not
been measured are either too iregular, or do not appear to be rotated and extended.
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a
Location
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
W14
W15
W16
W17
W18
W19
W20
W21
W22
W23
W24

b
ѱ (degrees)
67
65
74
74
69
72
76
75
68
76
68
74
72
70
71
81
77
69
72
84
78
78
77
84

γ - Shear Strain

Location
W25
W26
W27
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
S1
S2
S3
S4
S5
S6
S7

2.36
2.14
3.49
3.49
2.61
3.08
4.01
3.73
2.48
4.01
2.48
3.49
3.08
2.75
2.9
6.31
4.33
2.61
3.08
9.51
4.7
4.7
4.33
9.51

ѱ (degrees)
61
78
78
73
72
69
61
72
79
79
70
76
77
71
73
68
55
75
72
77
77
72
75
69

γ - Shear Strain
1.8
4.7
4.7
3.27
3.08
2.61
1.8
3.08
5.14
5.14
2.75
4.01
4.33
2.9
3.27
2.47
1.43
3.73
3.08
4.33
4.33
3.08
3.73
2.61

Table 3.5.1a,b shows the angle (ψ) between the rotated granite and the axis perpendicular to
foliation. γ shear strain was calculated for each angle. The locations are represented by “W” for
the granites on Wood Islands, “H” for granites on Hermit Island, and “S” for granites on southern Sebasco. The tables are split such that W1 - W24 are in A and W25 - S7 are in B. The averages
shear strains for the Wood Islands, Hermit Island, and southern Sebasco are γ = 3.87, γ =3.48,
and γ =3.57 respectively. These averages do not include does not include shear strain values of
0. The average for the entire study are, including those undeformed granites, is γ =1.81.
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Figure 3.5.2 This figure spatially represents the shear strain values calculated from sheared granites shown in figure 3.5.1 using graduated symbols to
represent the relative magnitude of each γ-shear strain value. The red, purple, green, and black foliation form lines differentiate between the east, transitional, west, and Small Point domains. The shear strain values are largest in the western portion of the study area on the Wood Islands with γ = 9.51,
and lowest on northern Hermit Island where γ = 0.
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north of Breakwater Point and then decrease to zero toward the northern shore (Figure 3.2.4).
The granites that show the highest shear strain are H6 and H7 (Figure, 3.5.1b). These granites
have rotated clockwise from orthogonal to foliation by 79o (Table 3.5.1). The western most
portion of Hermit Island contains one of the localized high strain zones in the study area. Unlike
the transitional and eastern west domain, the high strain zone on Hermit Island has shear strains
of γ ≥ 4 (Figure 3.5.2).
The average shear strain for the Wood Islands (W1 - W 27 from table 3.5.1a,b) was γ =
3.94 with a range of shear strain from γ = 1.8 to γ = 9.51. The shear strain values show a second
area of localized high shear strain that extends from the middle of the Wood Islands to southern
Sebasco. These zones show shear strains of 4 ≤ γ ≤ 10. The highest shear strains calculated
on the islands were located on the southern shore of the western Wood Island with values of γ
= 6.31 and γ = 9.51 (Figure 3.5.2). The northern section of this island has shear strain values
ranging from γ = 2.48 to γ = 4.01. The shear strain on Little Wood Island range from γ = 2.14 to

γ = 3.49 (Figure 3.5.2) with no apparent trends east to west or south to north. The γ shear strain
on southern Sebasco averages γ = 3.56 (S1 - S7 from table 3.5.1a,b) and ranges from γ = 4.33 to γ
= 2.61. The east to west trend has the same range with γ = 4.33 to γ = 2.61 (Figure 3.5.2).

3.6 Elongation and shortening
Elongation and shortening were calculated from initial and final lengths of folded and
boudined granitic veins. The percent elongation and percent shortening values were calculated
by multiplying the value from equation (1) by 100. The resulting values are displayed in table
3.6.1. For every extension measurement within the study area there was a complimentary
shortening measurement except for location i which exhibits no shortening. The extension and
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Figure 3.6.1a-m: Shortening and extension measurments from folded granites
Folded granite on Breakwater
Point, Hermit Island. The vein
has an initial length of 1.5m and
final length of 0.55m. The percent shortening is 63.33%.

Folded granite on Breakwater
Point, Hermit Island. The initial
vein length was 4.1m and the
final vein length is 2.55m resulting in 37.80% shortening.
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Boudin train on Breakwater Point, Hermit Island. The initial vein length was 1.7m and the
final vein length is 2.95m. The percent extension is 73.53%.

Boudin train on Breakwater Point, Hermit
Island. The initial vein length was 1.15m and
the final vein length is 1.4m. The percent extension is 21.74%.
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Decameter scale boudin train on central Hermit Island. The initial vein length was 30.02m and
the final vein length was 34.37m. The percent extension is 14.49%.

Folded granite on north-central Hermit Island. The initial intrusion length is
14.1m and the final length is 4.3m with a percent shortening of 28.2%.
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Figure show shortening of granite vein intrusion on north-central Hermit Island.
The initial vein length was 26.6m and the final vein length is 18.3m. The percent
shortening is 31.2%
Boudin train on northwest Hermit Island. The
initial vein length was 2.95m and the final vein
length is 3.1m. The percent extension is 5.08%.
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Boudin train on northeast Hermit Island.
The initial vein length was 4.3m and the
final vein length was 5.4m. The percent
extension is 25.58%. Compression was
not measurable at this site.

Folded granite and boudin
train on southern Sebasco.
The boudined granite had
an initial length of 20.6m
and has a final length of
23.9m. This granite has
extended by 16.02%. The
folded granite had a vein
length of 23.17m and a
vein final length of 17.81m.
The percent shortening is
23.13%.

60

This figure shows shortening on Little Wood Island. The initial length was 32.09m and the final
length is 30.038m. The percent compression is 5.33%.

This figure shows extension on the western Wood Island. This vein had an intial length of
34.48m and has a final length of 43.08m. the percent extension is 24.91%.
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shortening values correspond to the long axis (S1) and short axis (S3) axis of a 2D finite strain
ellipse. These values were calculated from the measurements taken in the field and from Google
EarthTM. Extension and shortening were calculated from figure 3.6.1a-m which correspond to
locations in Figure 3.6.2.
Shortening of 63.33% and 37.8% was determined from two locations, a and b, on
Breakwater Point, averaging 50.6% (Figure 3.6.1a,b). Likewise, extension was determined
from two locations, c and
d, on Breakwater Point
with values of 73.35% and
21.74% that average 47.6%
(Figure 3.6.1c,d). On central
Hermit Island, locations
f and g, the shortening
values are 28.2% and 31.2%
respectively, which average
to 29.7%. The percent
extension for location e, was
determined to be 14.49%
(Table 3.6.1). On northern
Hermit Island the extension
values are similar to central
Hermit Island while the
shortening values are much

Compression
Site
a
b
f
g
j
l

Lf (m)

Lo (m)

% shortening

0.55
2.55
10.12
18.3
17.81
30.38

1.5
4.1
14.1
26.6
23.17
32.09

63.33
37.80
28.2
31.2
23.13
5.33

Extension
Site
c
d
e
h
i
k
m

Lf(m)

Lo(m)

% extension

2.95
1.4
34.37
3.1
5.4
23.9
43.08

1.7
1.15
30.02
2.95
4.3
20.6
34.49

73.53
21.74
14.49
5.08
25.58
16.02
24.91

Table 3.6.1 shows the elongation and shortening data from the
study area. The percent extension and percent shortening were
calculated by multiplying equation (1) by 100. The extension
values range from 5.08% on northern Hermit Island and 73.53%
in Breakwater Point on Hermit Island. The percent shortening
values range from 5.33% on Little Wood Island to 63.33% on
Breakwater Point, Hermit Island.
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Figure 3.6.2 shows
extension and
shortening measurement locations
throughout the
study area. Shortening was measured at locations
a, b while extension was measured
at locations c and
d.
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less. The shortening values for northern Hermit Island are zero at locations h and i. At these
locations the extension values are 5.08% and 25.58% respectively, which average to 15.33%.
Extension and shortening were calculated from four locations, j, k, l, and m, on southern
Sebasco and the Wood Islands (Figure 3.6.1). The shortening and extension determined from the
granites on southern Sebasco are 23.13% and 16.02% respectively. The shortening and extension
values for the Wood Islands were calculated to be 5.08% and 24.91% respectively.
Six 2D strain ellipses were created for the study area based on the extension and
shortening values determined (Figure 3.6.3). The strain ellipses are oriented with the long axis
(S1) parallel to the final orientation of the granite boudin trains and the short axis (S3) parallel
to the axis of maximum shortening along the fold train (Figure 3.6.2). The ellipticity or first
flattening of each ellipse is different and is defined by equation (2). The lengths of the semimajor and semi-minor axis for the deformed granites were 2D strain ellipses were based on the
methods described in section 2.5. In (2) a is semimajor axis and b is the semiminor axis of the
finite 2D strain ellipse. The strain ellipse located in the western domain of Hermit Island on
Breakwater Point has a long axis, a, of 42.5 and short axis, b, of 14.8 producing an ellipticity
of 0.65. The ellipse on central Hermit Island in the transitional domain has a long axis, a, of
32.8 and a short axis, b, of 21.5 giving a first flattening value of 0.35. The ellipse for northern
Hermit Island within the eastern domain has a long axis of 33.4 and a short axis of 32.5 giving
an ellipticity of 0.03. The final ellipse on south central Hermit Island has a long and short axis of
32.5, therefore the ellipticity is 0. Northwest of Hermit Island, the ellipse for southern Sebasco
has a long axis of 36 and a short axis of 22.3 producing a first flattening of 0.38. Finally, the
ellipse for the Wood Islands has a long axis of 35.4 and a short axis of 26.1 giving an ellipticity
of 0.26.
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Discussion

4.1 Introduction
The Phippsburg Shear Zone, located in south central Maine, is a north striking splay
fault associated with Paleozoic predominantly strike-slip D4 deformation along the NE-striking
Norumbega Fault. The Maine region of the Norumbega Fault experienced approximately 200
million years of deformation from the Neoacadian (D3) in the Middle Devonian through the
rifting of Pangaea during the Jurassic (West, 1999; Ludman et al, 1999). The majority of the

Figure 4.1.1 shows Swansons’ wedge crustal extrusion model for shearing within the Casco Bay
restraining bend. In this diagram the bounding faults are labeled dextral and sinistral for the
Phippsburg and Pemaquid faults respectively. The compression and strong extension of the MidCoastal block would slightly increase the thickness, reducing the horizontal extent, and producing transtension in the PSZ. The shallow dip-slip caused by this extension is seen in shallow
south plunging lineations. Clockwise rotation of regional F4 folds is shown in this figure by the
white arrows. Figure modified from Swanson and Bampton, (2009)
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dextral displacement occurred during the early and middle stages of fault movement while
oblique normal faulting in the last stages resulted from reactivation during Jurassic rifting
(Ludman et al. 1999). The Casco Bay region of the Norumbega fault zone forms a transpressive
restraining bend that has been interpreted to rotated northeast-southwest trending D3 folds
oblique to the main fault (figure 4.1.1) (Swanson, 1999b). The Phippsburg Shear Zone initially
formed from hinge parallel shear between two oblique en echelon D3 folds (figure 4.1.1). This
area was subsequently sheared due to increased strain accommodation during progressive
transpression (figure 4.1.1). The process of hinge parallel shear is seen regionally at Bailey
Island, Pemaquid Point, and Small Point respectively.
The Phippsburg Shear Zone deforms Ordovician metasediments and Devonian and
Carboniferous pegmatitic intrusions. Deformation of pegmatites places an age constraint of
late Devonian to Carboniferous on the onset of shearing along the Phippsburg fault during the
Neoacadian. The major rock units deformed by the D4 Phippsburg Shear Zone are Ordovician
aged Cape Elizabeth Silver and Cape Elizabeth Rusty schists (Sive, 2012a). Both schists have
experienced variable deformation and metamorphism relating to D1 Salinic, D2 Acadian, D3
Neoacadian, and D4 Alleghenain tectonics (Sive, 2012a; Doolittle, 2012a). The Phippsburg Shear
Zone trends northeast-southwest parallel to the D3 axial trace that folded S0/S1/S2 foliation planes.
The shear zone is at least 2km wide, extending from western Hermit Island to beyond the Wood
Island (Figure 3.2.1), and at least 5km long, extending from Hermit Island to the Norumbega.
Within the shear zone, the granites have been variably deformed and boudined while the D3 folds
have been tightened and their axial trace plane oriented to east dips. By calculating the shear
strain of granites from undeformed to highly deformed and it is possible to define the kinematics
and quantify the shear of the Phippsburg Shear Zone and then correlate these findings to the
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regional Norumbega system and shear zone models globally.

4.2 D4 Deformation and F3 folds
The Casco Bay restraining bend is a transpressive structure formed during early strikeslip deformation along the south-coastal Maine portion of the Norumbega Fault Zone. The
deformation associated with shearing along the Norumbega is defined as D4 deformation that
reoriented earlier D3 folds and produced other features such as asymmetric boudinage, “s” folds,
kink bands, isoclinal D3 folds (Sive, 2012a; Swanson, 1999a). The D4 modified D3 folds are
characterized by northeast-southwest trending folds with hinge lines plunging approximately
30o southwest. The F3 folds deformed by the restraining bend become tight to isoclinal with
gently to moderately northeast- southwest plunging hinge lines (Swanson, 1999b). Progressive
dextral shear along the main fault has reoriented the F3 folds from NNE striking to NE striking
while forming a transpressive positive flower structure within the Casco Bay restraining bend
(Swanson, 1999b).
The strikes of the fold axial traces measured within the shear zone on Hermit Island are
consistent with the regional scale folds modified by the Casco Bay restraining bend. Swanson
(1999, 2010) suggests that the Phippsburg Shear Zone and the Pemaquid Point Shear Zone were
formed from progressive shearing parallel to the F3 hinge line. This particular origin of the
shear zone is deduced from the similar orientation of the regional D3 folds and the Phippsburg
Shear Zone (figure 4.1.1). The location of the Phippsburg Shear Zone suggests that strain
accommodation from clockwise rotation of D3 folds by D4 deformation caused a shear zone to
form between two regional scale folds and oblique to the main fault (Figure 4.2.1a-d).

69

D4 fold rotation direction
Figure 4.2.1a -d shows the
formation of oblique to main
fault shear zones between
forward rotating regional D3
folds. The Phippsburg Shear
Zone formed as one of these
hinge parallel shear zones
due to rotation of folds and
subsequent extrusion of the
Mid-Coastal block (Swanson,
2010). These folds formed as
a oblique en-echelon folds to
the main fault. The progression from A through D shows
the construction of the Casco
Bay restaining bend and the
formation of oblique dextral
thrusts and extensional shear
along the main fault (Figure
modified from Swanson,
1999b)

Regional D3 folds

hinge parallel shear

West-directed oblique dextral thrusting

Flanking dextral shear zone

extensional shear
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4.3 Shear zone classification
The Phippsburg Shear Zone extends at least 3km from western Hermit Island, beyond
the Wood Islands to Ragged Island in eastern Casco Bay. The γ – shear strain, calculated from
rotated pegmatite intrusions, transitions across a 400m length from γ = 0 on the shore of eastern
Hermit Island to γ = 5.14 on the shore of western Hermit Island (Figure 3.2.3). The increase in
average γ - shear strain from eastern Hermit Island to western Hermit Island to central Wood
Island are γ = 0, γ = 2.51, and γ = 4.24 respectively. These data show a transition from unstrained
domain through a transitional domain and into a highly strained domain. The γ – shear strain on
Wood Islands ranges from γ = 3.08 on the eastern shore to γ = 9.51 in the central Island and back
to γ = 3.08 on the western shore. This increase and decrease in γ – shear strain toward and away
from the center of the shear zone indicates that the Phippsburg Shear Zone is generally a Fossen
(2011) type 1 shear zone and more specifically a Vitale and Mazzoli (2008) type 1c generalized
shear zone.
The Fossen (2011) type 1 shear zone model shows thickening of the shear zone width by
progressive strain due to strain hardening. Type 1 shear zones are driven by a process that forces
the shear zone to thicken over time (Vitale and Mazzoli, 2008). This occurs when the original
shear zone is unable to accumulate large strain volumes and begins to widen as the margin walls
begin to deform (Vitale and Mazzoli, 2008). The Fossen type 1 model indicates that the central
part of the shear zone becomes inactive over time once it reaches some limiting shear strain
value. Consequently, the central inactive region of the shear zone will expand proportionally to
the expanding shear zone with continued progressive strain. Once the limiting shear strain value
is reached the thickness of the active zones will stay static while the entire shear zone width
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Figure 4.3.1 shows the Fossen type 1 shear zone and the graph is relating shear zone thickness
to γ-shear strain. This models shows how the progressive strain increases the total and inactive
thickness while the active thickness remains constant (modified from Fossen, 2011).

Figure 4.3.2 shows the intrusion and deformation of “S” granite veins. After the vein intrudes,
the granite is folded and boudined in the direction of motion. The granite, measured in figure
3.6.1b shows this shortening due to early compression and extension from later dextral shear
(Figure modified from Swanson, 1999a).
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Figure 4.3.3 represents a schematic diagram of a type 1c shear zone. The diagram progresses
from time n=0 on the far left to n=3 on the far right. The general dextral motion of the fault and
associated strain is observed in the stain ellipses. The increasing thickness of the shear zone
width is related to strain hardening of the central blocks. This model incorporates an exaggerated component of pure shear of the block A’’A’Ao . The pure shear within the Phippsburg Shear
Zone is relatively small compared with the extension caused by layer parallel shear. (Figure
modified from Vitale and Mazzoli, 2008)
and the inactive width continue to increase (Fossen, 2011). Figure 4.3.1 shows variation of γ –
shear strain over time with values approaching the center of the shear zone from the walls and a
constant shear strain at the center (Vitale and Mazzoli, 2008) (figure 4.3.1). Therefore, the finite
strain configuration for a type 1 shear zone is a flat top curve presented in figure 4.3.1 (Fossen,
2011).
The Vitale and Mazzoli (2008) type 1c model for localized general shear matches the
data found for the Phippsburg Shear zone. Like the Fossen (2011) model, the Vitale and Mazzoli
model shows progressive thickening due to strain hardening. However, the type 1c localized
general shear zone model incorporates a pure shear component that is seen on Hermit Island in
the form of “s” shaped granites (Figure 4.3.2). Figure 4.3.3 shows the relative 2D strain ellipses
and increasing thickness (strain hardening) associated with increased strain accommodation
within a shear zone. A shortening component was determined from fold measurements within
the shear zone and used to create 2D strain ellipses for various parts of the shear zone (Figure
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Figure 4.3.4a-c show the Fossen type II, III, and IV shear zones. The orange zone represents
where active shearing is taking place. Based on shear strain data from the Phippsburg Shear
Zone, none of these types accuratly represents the kinematics of the PSZ.

3..4a-e). Shortening was observed within the granites on Breakwater Point and those on the
Wood Islands. The determined magnitude of shortening is relatively small compared with the
magnitude of extension.
It is unlikely that the Phippsburg Shear Zone is a Fossen (2011) type 2 shear zone because
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Figure 4.3.4d shows the Vitale and Mazzoli (2008) models for type I. The Type 1a model is
similar to the Phippsburg Shear Zone showing increasing thickness over time, however it lacks a
layer normal shortening component. Type 1b shows distributed dextral shear with a component
of volume change that was not observed in the field.
the γ – shear strain values progress gradually toward a peak instead of rising rapidly toward the
center of the shear zone (Figure 4.3.4a). In a type 2 shear zone, a thin mylonitic gneiss (γ ≥ 15)
flanked by low strain schists would be observed (Fossen, 2011). Likewise, the Phippsburg Shear
Zone cannot be a type 3 shear zone because there is significant variation in γ – shear strain from
wall to center (Figure 4.3.4b). Type 4 shear zones are a closer match than the previous two,
however this model suggests that the γ – shear strain varies consistently towards the center of the
shear zone (Figure 4.3.4c). The issue with the range of Fossen (2011) shear zone models is that
they show exclusively simple shear scenarios (Figure 4.3.4a-c).
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Figure 4.3.4e shows the Vitale and Mazzoli (2008) models for type II shear. Type IIa, type IIb,
and type IIc show decreasing thickness over time due to strain softening. The extremely high
strain core was not observed within the Phippsburg Shear Zone.
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The Phippsburg Shear Zone is not a type 1a Vitale and Mazzoli (2008) model because
it diagrams a case with exclusive non-coaxial deformation and no layer parallel shortening
(Figure 4.3.4d). The models, Ib and IIb show non-coaxial deformation with volume change. The
volume change is not observed within the Phippsburg Shear Zone (Figure 4.3.4d,e). Finally, the
shear zone is not a type IIa or IIc because narrow, extremely high strain zones are not observed
within the shear zone (Figure 4.3.4e). The ulra-high strain zones predicted by these two models
correspond to strain softening within the core of the shear zone that, based on the geometry
of the shear zone, did not occur. Therefore the Vitale and Mazzoli (2008) model for type 1c
localized general shear includes both simple and pure shear components and better correlates to
the Phippsburg Shear Zone (Figure 4.3.3).

4.4 Shear zone model and timing
The Phippsburg Shear Zone has been interpreted to extend from central Hermit Island
to Ragged Island in Casco Bay (Swanson and Bampton, 2009). Based on γ – shear strain
values, the Phippsburg Shear Zone extends at least as far as the Wood Islands. The high strain
zone observed on Hermit Island from γ – shear strain trends may extend into Casco Bay (Figure
4.4.1). However, the shear strain values drop by southern Sebasco and Little Wood Island. The
high strain zone returns for a short distance on Wood Island and drop to moderate strain on the
western coast. The variation observed in Figure 4.4.1 may be due to localization of high strain
zones within the shear zone but is more likely attributed to lack of field data for Wood Islands.
The Phippsburg Shear Zone is modeled by a 3D block diagram (figure 4.4.2) showing the
effect of shear strain on kinematic indicators for each block. The diagram progresses from west
to east along the width of the fault and consists of five blocks relating the relative magnitude of
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Figure 4.4.2 is a schematic 3D block diagram of the Phippsburg Shear Zone. Blocks 1 and 5,
Ragged Island and Small Point respectively, represent areas of zero shear strain and high post-D3
extension. The two blocks adjacent to the unsheared walls, blocks 2 and 4, depict the transition
from zero shear strain to low shear strain. These blocks represent the areas under water east of
the Wood Islands and central Hermit Island. The granites in these blocks have been rotated and
slightly boudined. The folds and foliation dip near vertical with a slight east bias closer to block
3. Block 3, the Wood Islands and western of Hermit Island, contains the highest shear strain with
boudined granites rotated sub-parallel to foliation. “S’ shaped granite veins have formed from
layer normal shortening and progressive dextral shearing (Swanson, 1999a). The folds and foliation in block 3 are predominantly east dipping and are often indistinguishable towards the center
of the shear zone. Early sheath folds and very late dextral kink bands are also seen in this zone.
A south plunging L4mineral lineation parallel to early D3 fold hinges is visible in the form of
quartz rods indicating a shallow normal dip -slip component.
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shear strain relative to the bounding blocks. The shear strain of the blocks increases from the
blocks 5 to 3 and decreases from blocks 3 to 1 (figure 4.4.2). While the exact extent of the shear
zone is unknown (under water), the study area including Hermit Island to the Wood Islands
represents the eastern 2/3 of the Phippsburg Shear Zone.
Blocks 1 and 5 represent the undeformed walls of the shear zone consisting of the Small
Point and eastern domains to the east and Ragged Island to the west (Swanson and Bampton,
2009). In block 5, S0/S1/S2 generally dips 30o and 85o west and 30o – 80o east. Weak to strong
L3 mineral lineations are observed parallel to F3 hinge line with strong L3 mineral lineations
are observed within the trough of the Small Point synformal anticline. S3 axial planar foliation
is only weakly developed. The weak S3 and often strong L3 mineral lineations suggest that D3
resulted in F3 folds that experienced strong hinge parallel extension. This may have also allowed
hinge perpendicular tension gashes to open which filled with granite pegmatite fluids as shown in
block 1 and 5 (figure 4.4.2)
Blocks 2 and 4 show shearing in the transitional domain observed on central Hermit
Island (figure 4.4.2). The S0/S1/S2 foliation in this region, now modified by shearing in blocks
2 and 4, generally dips between 70o west and 70o east, with many vertical dips. The tighter
range of dips and the transition from west to east dip indicate the presence of right lateral
motion parallel to S0/S1/S2 during progressive D4 strain. The folds in these regions are generally
tight with near vertical axial planes and hinge lines that plunge between 20o and 40o south.
The tightening of the D3 folds indicates an increased D4 strain component from blocks 5 to 4.
The presence of now rotated and variably boudined granites in block 4, which were originally
orthogonally emplaced, suggests the transition from the un-sheared D3 deformation zone to
the D4 Phippsburg Shear Zone. L4 quartz rod lineations are present in this zone, consistently
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plunging 30o south. Given the overall dextral kinematics and the east dip of the shear zone, these
lineations suggest a component of normal dip slip as shown between all blocks in Figure 4.4.2.
Block 3 shows the highest shear strain within the western domain. This block represents
the area between western Hermit Island and the Wood Islands (Figure 4.4.1). The D4 modified
S0/S1/S2 foliation in this zone dips between 65o and 85o east while the D4 modified D3 fold axial
planes dip between 65o east and 90o. These folds plunge south between 15o and 45o south which
is similar to the 185o trend and 30o south plunge of the quartz rod lineations. The homogeneity
of both the S0/S1/S2 strikes and dip and the D4 modified fold axial plane strike and dips suggest
increased strain perpendicular to foliation. Block 3 shows increased S1 and S3 strain from
block 4 represented by increased boudinage of orthogonally emplaced granite veins and tight
to isoclinal folds. Towards the center of block 3, the folds become isoclinal to the point of
becoming indistinguishable from D1 and D2 isoclinal folds. Noncylindrical sheath folds, parallel
to L4 quartz rod lineations, are also observed in the highest shear strain regions (Bristow, 2000).
However, these are likely pre-D3 high strain folds because γ shear strains greater than 20 are
required to form these geometries and the D4 shear strains on Hermit Island are an order of
magnitude lower (Figure 3.2.3) (Swanson, 1999a). Block three also shows attenuation into “S”
shaped folds which have been interpreted by Swanson (1999a) as being formed by dextral shear
(Figure 4.3.2). Dextral kink bands, observed on Breakwater Point, relating to the transition from
ductile to brittle deformation due to uplift from erosional unroofing are also present in this zone
which over prints sheath folds and granites.
The progression of the shear zone from post-D3 to post-D4 is shown by figure 4.4.3. The
model begins with north trending open to tight F3 folds where weak to strong L3 is parallel to F3
hinge lines resulting from coaxial deformation during the Neoacadian (figure 4.4.3a). Increased
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Figure 4.4.3a-d is a schematic progression of deformation from post-D3 to post D4 shearing.
4.4.3a begins with open folding and heterogeneous foliation dip. Compression and strong extensional forces, represented by arrows, caused intrusion of orthogonal to foliation granite veins.
During this pre-D4 shortening and elongation the folds tighten and begin to dip east while the
foliation dip steepens and the lineation orientation remains unchanged. 4.4.3c shows deformation
relating to D4 dextral shear along the Phippsburg splay fault. Figure 4.4.3d shows the dip slip
relating to transtension caused by crustal extrusion of the Mid-Coastal block.
hinge parallel and foliation parallel extension and slightly increased S3 perpendicular to layering
allowed for the emplacement of orthogonal to foliation granite veins. This increase in hinge
parallel extension is seen on southern Small Point as pull-apart andalusites filled by L3 sillimanite
mineral lineations (figure 4.4.3b) (Doolittle, 2012a).
Stresses from the Casco Bay restraining bend were accommodated between the regional
D3 fold hinge lines as right handed slip (figure 4.4.3c). The Phippsburg Shear Zone is offset
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slightly to the west of the Small Point synform based on the Swanson (1999) model for shear
between two rotating regional folds (figure 4.2.1). This would have produced sinistral simple
shear and rotated and boudined the orthogonal granitic veins synthetic to that shear sense in
and opposite that seen in figure 4.4.3b. However, based on the Swanson and Bampton (2009)
model, extension of the Midcoast block south would be bounded to the west by a dextral instead
of sinistral Phippsburg Shear Zone. The extension changed the direction of slip along the
Phippsburg Shear Zone from sinistral to dextral while progressively increasing strain rotated
the granites into sub-parallelism to foliation. “S” shaped folds of granite veins formed during
this period. The “s” shaped fold form as transpressional forces increase while the shear zone
thickens vertically over time (Jones and Tanner, 1995). Progressive strain during this period
is accommodated by thickening the shear zone into the walls as seen in the Vitale and Mazzoli
(2008) model (Figure 4.3.3).
Simultaneously, extrusion of Midcoastal block (Swanson and Bampton, 2009) caused
the Phippsburg Shear Zone to experience dip slip by accommodating the contraction and south
directed extrusion of the Midcoastal block (Figure 4.4.1). The extrusion may be manifest in the
Cape Small synform as pull-apart andalusites with L3 parallel sillimanite mineral lineations.
Crustal extrusion of the Midcoast block resulted in transtension of the Phippsburg Shear Zone.
Coaxial deformation of the Midcoastal block forced the Phippsburg Shear Zone to translate from
transpression to transtension in order to accommodate the horizontal shortening of the MidCoastal block (figure 4.4.1). The transtensional strain of the Phippsburg Shear Zone is seen by
the shallow plunging (30o south-southeast) quartz rod lineations and east dipping foliation (figure
4.4.2d). Dextral deformation from continued rotation of regional D3 folds further boudined and
rotated intruded granite veins. The D4 dextral shear and normal dip-slip were the last deformation
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events to deform the rocks within the Phippsburg Shear Zone.
Along the Norumbega there are significant Paleozoic-early Mesozoic
thermodiscontinuities caused by reactivation of Paleozoic strike-slip faults as normal faults
(West, 1999; Ludman et al, 1999). Ludman et al. (1999) suggests that additional dip-slip
motion along the fault may have occurred during the Carboniferous relating to transtension.
However, whether or not this occurred along the minor splay faults of the Norumbega is unclear.
Mesozoic reactivation of the Phippsburg Shear Zone may have occurred however there is no
thermochronology data to support that assumption.

4.5 Phippsburg Shear Zone and the Norumbega
The Phippsburg Shear Zone is a relatively low strain shear zone compared with the
Norumbega Fault Zone and associated splay faults (Figure 4.5.1). The maximum shear strain
observed through the study area is γ = 9.51 on the central Wood Island while the shear strain
average for the shear zone is γ = 3.68. A shear strain of γ = 3.68 corresponds to an average ψ =
74.8o and an average β = 15.2o (Figure 4.5.1). The shear strains associated with banded mylonitic
gneisses formation are γ ≥ 15 and γ ≥ 20 for mylonitic foliation (Swanson, 1992).
Figure 4.5.1 shows the relationship between γ shear strain and the angle β (tan-1(γ) =
β) where β is the angle between the rotated object and the horizontal axis. The curve is the
best fit for the points plotted on this graph. Swanson (1992) calculated γ shear strain for three
portions of the Norumbega Fault Zone in the Casco Bay region at Harpswell Neck, Two Lights,
and Ft. Williams. The results are shown in figure 4.5.1. The average shear strains for these
regions are γ ≥ 10.0, γ ≥ 6, and γ ≥ 2.5 respectively (Swanson, 1992). Within the south-central
portion of the Norumbega are a number of north east trending highly strained (γ ≥ 20) mylonitic
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Figure 4.5.1 shows the relationship between γ-shear strain and the angle β. β is the
angle between the horizontal component and the rotated object. γ-shear strain can also
be calculated using by taking the tangent of the angle (ψ) between the perpendicular
component and the rotated object (γ = tan(ψ)). The curve γ/β best represents the points
plotted on the graph. The lines with arrows correspond to shear strain and β values for
shear zones in south-coastal Maine along with values for typical mylonites. The blue dot
represents the location of average γ-shear strain (γ = 3.68) for the Phippsburg Shear
Zone and the associated β of 15.2o.(Figure modified from Swanson, 1992).
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zones (Sandhill Corner, Sunny Side, Flying Point, and Rye) which formed during the late
Carboniferous to earliest Permian (West, 1999). Like the Phippsburg Shear Zone the Sandhill
Corner mylonites dip near vertical and contain sub-horizontal mineral lineations suggesting
dextral shear (West, 1999). However, strain in the Sandhill mylonites is an order of magnitude
higher than what is observed in the Phippsburg Shear Zone has created extremely fine grained
mylonitic and ultramylonic type rocks (West, 1999).
The Broad Cove Shear Zone in eastern Casco Bay contains numerous en echelon
R-shears due to dextral strike-slip deformation along the Norumbega fault system (Swanson,
2006). These splay faults, like the Phippsburg Shear Zone, experienced layer parallel simple
shear and horizontal layer parallel elongation are the result of transpressional strain partitioning
within the steeply dipping host rock layers (Swanson, 2006). Kinematic indicators in response
to regional dextral shear such as rotated and variably boudined orthogonal veins are useful for
comparing the shearing effects between two shear zones (Swanson, 1999).
The Phippsburg Shear Zone, like the Two Lights fault zone has experienced continuous
vein intrusion, detailing a history of progressive dextral deformation (Swanson, 2006). The
highest shear strain from the Phippsburg Shear Zone falls around the Two Lights fault zone with
γ ≈ 10 while the average γ for the Phippsburg Shear Zone lies between the Two Lights fault zone
and the Ft. Williams fault zone (figure 4.5.1). However, unlike the Phippsburg Shear Zone, the
Two Lights faults formed as en echelon R-shears and have accommodated more strain due to
proximity to the Norumbega Fault Zone.

4.6 The Phippsburg Shear Zone and Modern Day Faults
Transpressional zones are relatively common within major fault systems around the
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world. Localized restraining bends form to accommodate the stress while the resulting oblique
deformation is controlled by the plate motion (Cunningham and Mann, 2007). Restraining
bends are generally only formed under special crustal conditions (Legg et al., 2007). Legg et
al., 2007 states that these conditions include pre-existing structural fabric and other crustal
heterogeneity and changing strain fields and related stress fields. These strain changes may alter
the deformation on existing fault systems while creating new faults to accommodate the evolving
strain field (Dewey et al., 1998). Such heterogeneity in crustal structure is observed in southern
Maine where the conglomeration of multiple lithotectonic units (Van Staal et al, 2009; Reusch,
2012) and the presence of numerous pre-D4 deformation features (Sive, 2012) have created a
region prone to transpressional restraining bends. The stresses resulting from the 14o left stepping
bend have been accommodated by numerous splay faults oblique to the main Norumbega Fault.
Legg et al, (2007) states that deformation along oblique strike-slip fault segments, such as the
Phippsburg shear zone, tends to occur over broad zones and may be many kilometers wide.
The Pliocene aged North Anatolian fault in present day Turkey is a good modern
day analog of a Norumbega like continental scale transform fault. The fault extends for
approximately 1600 km west from the Karhova triple junction to the Aegean trough in the
Aegean Sea (Okay et al. 2004). The North Anatolian Fault makes a 17o left stepping bend in
the western Marmara region and transitions from a mildly transpressional segment to a strongly
transtensional one (Okay et al., 2004) (Figure 4.6.1). Although the scale and geometry are
different between these two cases, the kinematics of the transpressional, reverse faulting zone are
similar to those seen in the Casco Bay restraining bend.
The structure of the southern Ganos Mountains consists of many minor thrust faults and
anticline/ synclines oblique to subparallel to the Ganos Fault (Okay et al., 2004). East of the
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Figure 4.6.1 The North Anatolian Fault is a major transform fault between the Eurasian
plate and the Anatolian plate. The Anatolian plate is a small plate situated between the
Eurasian plate to the north, the African plate to the south, and the Arabian plate to the southeast. The Anatolian plate is moving southwest with respect to the Eurasian plate to the north.
The transform boundary between these plates forms the North Anatolian Fault. B shows the
location of the 17o restraining bend within the context of regional tectonics (Figure 4.6.1a).
The stars represent GPS points and the vectors reflect the magnitude of plate motion. Figures modified from Okay et al. (2004).
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Figure 4.6.2 shows the restraining and releasing bends of the California Borderland highlighted
by the numbered boxes. This study looks at the topographic uplifted resulting from the restraining bend along the Catalina Fault (inset box 12). These restraining bends form topographic highs
on the continental shelf. They contain smaller graben structures along the spine of the transpressional restraining bend shown in figure 4.6.3 (figure modified from Legg et al, 2007).
Ganos Mountains, the Tekirdağ basin, a transtensional releasing basin, was formed from strike
slip displacement that changed into dip-slip displacement (Cunningham and Mann, 2008).
Restraining bends are a common morphological feature of the San Andreas Fault Zone in
the California Continental Borderland (Figure 4.6.2). The transpressional uplifted structures of
San Andreas restraining bends contain intervening subsidiary extensional strike slip basins and
diverging oblique slip fault zones (Legg et al., 2007). In other areas, shallow “key stone” grabens
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Figure 4.6.3 shows the placement and strain ellipse for the transpression uplifted structure. The
two subsidence basins are the result of transtension before and after the restraining bend. The
localized transtension within the transpressional structure shows is akin to the Phippsburg Shear
Zone within the Casco Bay restraining bend (Figure modified from Legg et al, 2007).
formed by extension along the crest of the restraining bend (Figure 4.6.3) (Legg et al., 2007).
Legg et al, 2007 also suggests strain partitioning between normal/ oblique faults on the flanks
of the PDZ (principal deformation zone) accommodate extension while a vertical PDZ that
accommodates strike slip deformation (Legg et al., 2007). Most of the faults Legg et al., (2007)
observed in their study area have steep dips (70-80o) for secondary oblique slip and vertical for
the PDZ.
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Conclusion

5.1 Conclusion
The Norumbega Fault Zone is part of a transform fault system formed during the
Alleghenian. The system extends from New Brunswick to Connecticut, passing through Maine
and Massachusetts (Bothner and Hussey, 1999). The Phippsburg Shear Zone is a Norumbega
splay fault in south central Maine caused by hinge parallel shear from clockwise rotation of D3
folds by D4 Norumbega shearing (Swanson, 1999b). The presence of variably deformed and
boudined granite veins, asymmetric z folds, and dextral kink bands within the Phippsburg Shear
Zone shows dextral shear sense (Swanson, 1999a). The lack of an oblique S3 fabric suggests
that the shear zone is parallel to the northeast striking S0/S1/S2 foliation. The trends in the γ shear
strain calculated from the rotated granites indicate that the Phippsburg Shear Zone is a Vitale
and Mazzoli (2008) type 1c localized general shear zone. The minor shortening component
calculated from folded granites matches the shortening component predicted by aforementioned
model.
The dextral motion along the Phippsburg Shear Zone was caused by south directed
extrusion of the Midcoastal block due to transpression from the Casco Bay restraining bend
(Swanson and Bampton, 2009) (Figure, 4.1.1). The extrusion of the Midcoast block caused
extension in the Phippsburg locality opening orthogonal to foliation joints that were filled by
granite. The extension is seen on southern Small Point in the form of pull-apart andalusites filled
with L3 parallel sillimanite. Shortening and extension of the Midcoastal block was accommodated
by the Phippsburg Shear Zone as shallow (~30o south) normal dip-slip. The normal dip-slip
component produced L4 quartz rod lineations that are observed throughout the western half of
Hermit Island.
92

The next step in understanding the kinematics of the Phippsburg Shear Zone is structural
mapping of the Wood Islands and southern Sebasco. The center of shear zone is located within
the Wood Islands and likely contains important kinematic indicators related to the higher shear
strain. Field measurements and thin section analysis would increase the accuracy of the shear
strain calculations and better constrain the high strain zone. The shear strain values and 2D strain
ellipses for these areas in this study were created from measurements taken in Google Earth™
while the measurements taken on Hermit Island were a combination of both field and orthoimage
measurements. Google Earth™ was useful in determining shear strain from the larger granites.
Therefore, measurement of sub-meter scale kinematic indicators will dispute or refine the
measurements taken on the decameter scale. Microstructural analysis from thin section analysis
in the highest strain domains is important for relating the meso-scale structures to micro-scale
structures. One analysis to pursue might be kinematic vorticity from pophyroclast deformation.
This analysis is a more accurate way to relate simple shear to pure shear and therefore tease out
the structural implications (Johnson et al., 2009).
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